the tumor-associated endothelial cells (ECs) in the corresponding biopsies. Elevated levels of sTNF-R1 in patients with recurrent, but not newly-diagnosed GBM, were significantly associated with a shorter survival, independent of age (p = 0.02) or steroid medication. In contrast, the levels of circulating sTNF-R2 were significantly higher in recurrent GBM than healthy individuals and there was no significant correlation with expression of TNF-R2 on the tumorassociated ECs or survival time. The results indicate that larger, prospective studies are warranted to determine the predictive value of the levels of sTNF-R1 in patients with recurrent GBM and the factors that regulate the levels of sTNF-Rs in the circulation in GBM patients.
modulate the activity of tumor necrosis factor α (TNFα) in a physiologically relevant manner [1] . The levels of sTNF-R1 and sTNF-R2 in the vascular circulation are increased significantly with age and altered in obese individuals [2] [3] [4] and chronic inflammatory conditions and diseases [5] [6] [7] [8] as well as several cancers [9] [10] [11] [12] [13] [14] [15] . Although correlations with the clinical stage, risk of progression, and the risk of developing certain cancers have been described [9] [10] [11] [12] [13] [14] [15] [16] there is very little information on the levels of these soluble receptors in glioblastoma and their potential clinical relevance in GBM. To our knowledge, one previous study, in which the levels of circulating sTNF-R1 and sTNF-R2 were measured in 17 patients with recurrent GBM, found higher levels of sTNF-R2 but no significant difference in sTNF-R1 levels as compared to normal controls [17] .
Although TNF-R1 and TNF-R2 are closely related they differ in terms of their cellular distribution and effects on cell function [reviewed in 5, 6, 18] . TNF-R1 is expressed by almost all nucleated cells and TNF-R2 is expressed primarily by hematopoietic cells (including macrophages) and endothelial cells [5, 6, 18] . Neither the origins of the circulating sTNF-R1 and sTNF-R2 nor the factors that regulate their levels have been established. The possibility that the tumor can affect this systemic immunoregulatory mechanism and thus affect not only the local tumor microenvironment but distal sites is of considerable interest [19] [20] [21] . Our recent finding that the tumor-associated endothelial cells (ECs) in GBM express elevated levels of TNF-R1 and TNF-R2 as compared to ECs in normal brain [22] suggested a potential link.
In this exploratory retrospective study, we measured the levels of circulating sTNF-R1 and sTNF-R2 in blood samples from patients with newly-diagnosed GBM or recurrent GBM and apparently healthy controls, determined whether such differences were physiologically relevant in terms of correlation with survival of the patients and determined whether the levels of the circulating sTNFRs correlated with their expression on the tumor-associated ECs.
Patients and methods

Study samples
Blood samples were obtained from blood banks at the Cleveland Clinic (CCF), University of Alabama at Birmingham (UAB), or University Hospital-Case Western Reserve University (UH-CWRU). The blood samples had been collected either from patients undergoing surgery for resection of GBM at the respective institutions or apparently healthy controls. The studies were carried out after review by, and in accordance with the rules and regulations of, the Institutional Review Board (IRB) of each institution.
All subjects signed a written informed consent permitting the research represented here. Clinical information was obtained by review of the clinical records by a neuro-oncologist (MSA). All of the patients had GBM (WHO Grade IV astrocytoma) as diagnosed histopathologically according to the World Health Organization classification guidelines [23] .
For this study, blood samples from a total of 112 patients (66 newly-diagnosed GBM and 46 recurrent GBM) and 58 apparently healthy controls were used. In five patients, samples were collected both when newly-diagnosed and at recurrence. Based on the results of a pilot study using the CCF1 cohort (45 patients), the number of patients was expanded through inclusion of a second cohort of CCF patients (CCF2) as well as the UAB cohort (20 patients: all newly-diagnosed) according to the study design shown in Fig. 1 . EDTA-plasma samples from a UH-CWRU cohort were obtained and analyzed solely for the purpose of exploring the impact of molecular subtype of GBM on the levels of circulating sTNF-R1 and sTNF-R2.
The blood samples were collected in a standardized manner. Blood was collected into tubes with EDTA, placed on ice and processed within 2 h. Aliquots of plasma were snap frozen in liquid N 2 and stored in the blood banks at −80°C. Blood samples from patients were collected at surgery. It has been reported that sTNF-R1/sTNF-R2 levels are stable under these conditions [24] [25] [26] .
ELISA
ELISA kits were used to measure the levels of sTNF-R1 and sTNF-R2 (RayBiotech, Inc., Norcross, GA) and IL-10 (BD Biosciences, San Diego, CA). Concentrations were interpolated from standard curves prepared using standards analyzed in duplicate or triplicate on each plate. All samples were analyzed at least in duplicate.
Immunohistochemistry (IHC)
Formalin-fixed and paraffin-embedded blocks/tissue section (3-4 sections/case) were stained with rabbit anti-TNF-R1, rabbit anti-TNF-R2, or mouse mAb anti-von Willebrand factor (vWf) as described previously [22] and in the Supplementary Methods. Staining in ECs in more than 5% of blood vessels was the threshold for positivity.
Survival analysis
Overall survival was defined as time from diagnosis until date of death. Patients alive at the time of study were right censored at their date of last clinical follow-up.
Statistical analysis
All statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC). The statistical design is outlined in the Supplementary Methods. p values ≤0.05 were considered statistically significant.
Results
Demographic characteristics of the patients and healthy controls are shown in Table 1 and the clinicopathological characteristics and treatment regimens for the patients are shown in Supplemental Table 1A, B. At the time these patient samples were collected, routine analysis of IDH1 and MGMT status and the molecular subtype of GBM were not the standard-of-care.
Levels of sTNF-R1 in the vascular circulation of GBM patients
The unadjusted values for the median, mean ± SD, and range for sTNF-R1 and sTNF-R2 levels are provided in Supplemental Table 2 . The mean levels of sTNF-R1 were significantly lower in the GBM patients than normal controls (cohort adjusted means 403.3 ± 68.3 versus Fig. 1 1 3
1038 ± 91.8, mean ± SEM; p value <0.0001, Linear Regression adjusting for cohort) (Fig. 2a) . This held true when the sTNF-R1 levels were compared to the controls after adjusting for cohort and age, or after eliminating the outlier in the controls (7877 pg/ml) (p value <0.001 and p value <0.001, respectively). The mean sTNF-R1 levels also were lower than healthy controls in newly-diagnosed (p value = 0.0005) ( Fig. 2b ) and recurrent GBM (p value <0.0001) (Fig. 2c ).
There was not a significant difference in the sTNF-R1 levels between newly-diagnosed (520 pg/ml) and recurrent GBM (518 pg/ml) (p value = 0.97; Linear Regression adjusting for cohort). As a control, we measured the levels of circulating IL-10 and, consistent with the literature [27, 28] , found a higher mean level of IL-10 in GBM patients (CCF1 and UAB cohorts) than the corresponding normal controls (cohort adjusted means 21.7 pg/ml ± 4.27 versus 7.76 ± 5.28, mean ± SEM, respectively) (p value = 0.047, Linear Regression adjusting for cohort).
We did not find a significant difference in the sTNFR1 levels in patients who received steroid medications as compared to those who did not (Linear Regression analysis). Nor did we find significant correlations between the levels of sTNF-R1 and gender in the entire group of GBM patients, the newly-diagnosed patients, or the patients with recurrent GBM (Linear correlation analysis). We did, however, find a significant correlation between the levels of sTNF-R1 and age at collection of blood samples in patients with newly-diagnosed GBM (p value = 0.01, Linear Regression analysis after adjusting for cohort) (SFig. 1) and patients with recurrent GBM (p value = 0.04) (Fig. 3a) . For every 10 year increase in age, the level of sTNF-R1 increased 90 pg/ml (Slope = 90, 95% CI 2-16) in patients with newly-diagnosed GBM and 60 pg/ml (slope = 60, 95% CI 0.5-12) in patients with recurrent GBM.
It has been reported that the levels of TNF-R1 mRNA are higher in the mesenchymal molecular subtype of GBM than the other molecular subtypes [29] . EDTAplasma samples from 38 newly-diagnosed GBM patients (median age 66.9 years; range 36.3-83.7 years) for whom the molecular subtype of the tumor has been determined by TCGA (10 mesenchymal, 14 classical, 9 proneural, 3 neural, and 2 G-CIMP) were available. On analysis of these samples, we did not find an association between the circulating levels of sTNF-R1 or sTNF-R2 with the mesenchymal, and classical or proneural molecular subtypes of GBM (p value = 0.25, and p value = 0.60, respectively, Kruskal-Wallis test). Fig. 2 Analysis of circulating sTNF-R1 in patients with GBM. The levels of sTNF-R1 in the vascular circulation of patients undergoing surgery for GBM at initial diagnosis and recurrence (n = 112; CCF1, CCF2 and UAB cohorts), for GBM at initial diagnosis (n = 66; CCF1, CCF2 and UAB cohorts), or for recurrent GBM (n = 46; CCF1 and CCF2 cohorts), and the normal controls (n = 58; 14 for CCF1 cohort, 20 for CCF2 cohort, and 24 for UAB cohort) were determined by ELISA analysis. a Plasma levels of sTNF-R1 in the combined group of GBM patients. b Plasma levels of sTNF-R1 in the patients with newly diagnosed GBM. c Plasma levels of sTNF-R1 in the patients with recurrent GBM. The data are plotted as Box and Whisker plots, green line denotes the mean. One outlier for sTNF-R1 in the control subjects (7877 pg/ml) was removed from (a), (b) and (c) for graphing purposes only. Statistical analysis: Linear Regression adjusting for cohort ▸ Independent of age, elevated levels of sTNF-R1 are associated with a shorter overall survival time in patients with recurrent GBM We found that higher levels of sTNF-R1 were associated with a significantly shorter survival of patients with recurrent GBM after adjusting for cohort effect (p value = 0.03) (Fig. 3b) . The adjusted median survival for the group with elevated levels of sTNF-R1 was 15.2 months (95% CI 12.6, 22.6), and the adjusted median survival for the group in which the levels of sTNF-R1 were not elevated was 28.7 months (95% CI 17.9, 38.5) (Fig. 3b) . For every 100 pg/ml increase in the level of sTNF-R1, the risk of death increased 19% (HR = 1.19, 95% CI 1.02-1.38). We did not, however, find a correlation between the level of sTNF-R1 and overall survival in the patients with newly-diagnosed GBM (p value = 0.11, Cox proportional hazards model adjusting for cohort).
As age is associated with a shorter overall survival for GBM patients [30, 31] and as we had found that elevated levels of sTNF-R1 were associated with increasing age in the patients with recurrent GBM (Fig. 3a) , the correlation between overall survival and elevated levels of sTNF-R1 in the patients with recurrent GBM was re-analyzed after adjusting for age at collection of blood sample as well as cohort. Higher levels of sTNF-R1 were associated with a significantly shorter overall survival in patients with recurrent GBM after adjusting for age and cohort (p value = 0.02) (Fig. 3c) or after adjusting for age, use of steroid therapy and cohort (p value = 0.02) (Fig. 3d) . Patients with recurrent GBM with an elevated level of sTNF-R1 had a 2.2-fold higher risk of death (HR = 2.2, 95% CI 1.14-4.28). 
Levels of sTNF-R2 in the vascular circulation of GBM patients
We did not find a significant difference in the mean levels of circulating sTNF-R2 between healthy controls and the entire group of GBM patients (p value = 0.81, Linear Regression adjusting for cohort) (SFig. 2a) or the newlydiagnosed patients (p value = 0.66) (SFig. 2b). The levels of circulating sTNF-R2 were significantly higher in the patients with recurrent GBM as compared to normal controls (cohort adjusted means 1156 ± 81.29 versus 774.9 ± 92.61, respectively, mean ± SEM) (p value = 0.002) (SFig. 2c). The mean level of circulating sTNF-R2 in newly diagnosed GBM patients (1077 pg/ml) was not significantly different from the mean level in recurrent GBM (1134 pg/ml) (p value = 0.78). The levels of sTNF-R2 did not correlate with age in the patients with newly-diagnosed (p value = 0.88) or recurrent GBM (p value = 0.35) or with gender. The levels of sTNF-R2 were significantly lower in the GBM patients who received steroids than those who did not (adjusted mean 920.4 versus 1211.1 respectively, p = 0.02) but there was not a significant difference in the levels of sTNF-R2 between patients with recurrent GBM who received steroids and those who did not and no correlation between the levels of sTNF-R2 and the likelihood that they received steroid medications. We did not find a statistically significant association of overall survival with the circulating levels of sTNF-R2 in patients with recurrent GBM (p value = 0.06) or newly-diagnosed GBM patients (p value = 0.68, Cox proportional hazards model adjusting for cohort).
Association of the intensity of TNF-R1 expression on tumor-associated ECs in GBM biopsies with the levels of sTNF-R1 in the vascular circulation
In a previous study, we found significantly higher expression of TNF-R1 and TNF-R2 on the tumor-associated ECs than ECs in normal brain as determined by immunohistochemical analysis of biopsies of 49 patients with GBM and 38 normal brain samples [22] . The study included analysis of biopsies from 26 of the GBM patients in the CCF1 cohort included in the current study (20 newly-diagnosed and 6 recurrent). In the current study, we found that the intensity of TNF-R1 expression on the tumor-associated ECs correlated with the levels of circulating sTNF-R1 in these patients (p value = 0.03) (Fig. 4a) . Specifically, negative or weak intensity expression of TNF-R1 on the tumor-associated ECs was associated with lower levels of sTNF-R1 in the blood (Fig. 4a) . Sufficient biopsy tissue was available for 33 of the 47 patients in the CCF2 cohort (14 newly-diagnosed and 19 recurrent) for immunohistochemical analysis of TNF-R1 and TNF-R2. Similar results were obtained using these samples, with a direct correlation between the intensity of TNF-R1 expression on the tumor-associated ECs and the levels of circulating sTNF-R1 (p value = 0.01) (Fig. 4b) . When results of the CCF1 and CCF2 cohorts were combined, sTNF-R1 levels were significantly higher when the intensity of TNF-R1 on the tumor-associated ECs in the GBM biopsies was higher (p value = 0.005) (Fig. 4c) . There was not, however, a significant correlation between the intensity of expression of TNF-R2 on the tumor-associated ECs and the circulating levels of sTNF-R2 in either the original 26 GBM biopsies (p value = 0.45) (Fig. 4d) or the 33 biopsies from the CCF2 cohort (p value = 0.31, Exact Wilcoxon rank-sum test).
Discussion
The results of this exploratory study indicate that the levels of the sTNF-Rs in the vascular circulation are altered in GBM and identify a correlation between higher levels of sTNF-R1 in the vascular circulation in patients with recurrent GBM and a shorter overall survival time independent of age or steroid medication. These results are consistent with the reports that sTNF-R1 levels correlate with tumor grade and invasion and are an independent prognostic factor in colorectal cancer [9] , and that the increase in the level of sTNF-R1 was in proportion to the clinical stage of the disease in adenocarcinoma of the cervix [10] . Our current studies also indicate a significant correlation between the levels of TNF-R1 on the tumor-associated ECs and the levels in the circulation suggesting that a tumor-driven process plays a key role in determining the levels of sTNF-R1 in the circulation. If this is the case, it would suggest an additional mechanism through which tumor cells can not only remodel their immediate microenvironment, but act systemically to modify responses at distal sites both within the brain and other organs [19] [20] [21] .
Caution must be used in interpretation of the roles of specific cytokine interactions in driving GBM, however, due to the complexity and dynamism of the cytokine cascades, the diversity of the cellular targets and the interactions between tumor-driven mechanisms, therapeutic responses and intrinsic patient characteristics. Thus, the current findings do not exclude the potential effects of factors other than the expression on the tumor-associated ECs on the levels of circulating TNF-R1. Indeed, we found an association between the levels of sTNF-R1 and age in patients with GBM as has been reported in healthy individuals [2] . The extensive chemotherapy, radiation and surgery modalities [30, 31] that are used routinely to treat patients with GBM could also affect the levels of the sTNF-Rs [16, 19] in patients with recurrent GBM. However, the current results suggest that the tendency to discount alterations in cytokine levels as solely due to treatment should be avoided as we found that the levels of sTNF-R1 were significantly lower in blood samples obtained from the untreated, newlydiagnosed patients as compared to normal controls and that steroid medication did not affect the levels of sTNF-R1 in recurrent GBM although they did affect the levels of sTNF-R2 in newly-diagnosed GBM. Recently, elevated levels of sTNF-R2 have been with associated with neurocognitive dysfunction in patients with newly-diagnosed breast cancer prior to treatment [20] as well as with fatigue, depression and cognitive impairment presenting as side-effects of chemotherapy and radiation therapy [16, 19] .
The current studies do not address the issue of the mechanisms that regulate the generation of the sTNFRs but do suggest differences in their regulation, which is consistent with their differential cell expression and function [reviewed in 5, 6, 18] and may reflect differences in the activities of proteases, including those secreted in the tumor microenvironment [32] [33] [34] [35] [36] .
The potential mechanisms of action of sTNF-R1 and sTNF-R2 have not been fully elucidated and the significantly lower mean levels of sTNF-R1 in both the newlydiagnosed and recurrent GBM patients is consistent with the profound systemic immunosuppression, involving multiple different cellular and cytokine compartments including high levels of IL-10, which is a hallmark of GBM [37] [38] [39] [40] . The sTNF-Rs may reduce the levels of TNFα in the circulation or block its activity [1, 5, 6, 18] . are plotted against the intensity of TNF-R1 protein expression on the tumor-associated ECs in their GBM biopsies, and an association determined using a Two-sided Exact Wilcoxon Rank-Sum Test (p value = 0.01). c The levels of circulating sTNF-R1 in the 59 patients from CCF1 and CCF2 cohorts are plotted against the intensity of TNF-R1 expression on the tumor-associated ECs in their GBM biopsies, and an association determined using Linear Regression analysis after adjusting for cohort (p value = 0.005)
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The levels of TNFα protein in the vascular circulation of patients with GBM have been variously reported to be lower [38, 41] and higher [28, 42] than in the vascular circulation of normal controls. On analysis of a subset of our samples (20) from GBM patients and normal controls (14), we did not find a significant difference in the mean levels of circulating TNFα as measured by ELISA (data not shown). TNF-R1 is expressed by glioma tumor cell lines [43, 44] whereas TNF-R2 is expressed by some, but not all glioma cell lines [43] and shedding of both TNF-R1 and TNF-R2 by glioma cell lines has been described [45] . Microrarray analysis indicates overexpression of TNF-R1 in some GBM tumors where RNA was extracted from whole tumors [29, 46] . Locally, in the tumor microenvironment, it has been suggested that sTNF-R1 and sTNF-R2 may act as decoy receptors to inhibit TNFα-induced apoptosis or play a role in inhibiting TNFα-stimulated chemotaxis of macrophages [47] .
The correlation between higher levels of circulating sTNF-R1 and a shorter overall survival in recurrent GBM was found to be independent of the potential confounding factors of age and steroid medication in this exploratory study. The analysis of the other potential interactions was limited by the retrospective nature of the study. We did not find a correlation between the molecular subtype and levels of circulating sTNF-R1 in our one cohort of GBM patients for whom molecular subtyping was available. In terms of the potential effects of comorbid conditions, we did not find a significant difference in the sTNF-R levels between patients who had a body mass index indicating obesity and those who did not (data not shown). However, larger prospective studies are required to further investigate the potential effects of alterations in the levels of circulating sTNF receptors in obesity and other potentially co-morbid conditions, including diabetes, inflammatory diseases, and depression [3-8, 48, 49] , which may impact survival or quality of life in GBM [16, 19, 20] .
